Albright hereditary osteodystrophy is caused by heterozygous inactivating mutations in GNAS, a gene that encodes not only the ␣-chain of Gs (G␣ s ), but also NESP55 and XL␣s through use of alternative first exons. Patients with GNAS mutations on maternally inherited alleles are resistant to multiple hormones such as PTH, TSH, LH/FSH, GHRH, and glucagon, whose receptors are coupled to Gs. This variant of Albright hereditary osteodystrophy is termed pseudohypoparathyroidism type 1a and is due to presumed tissue-specific paternal imprinting of G␣ s . Previous studies have shown that mice heterozygous for a targeted disruption of exon 2 of Gnas, the murine homolog of GNAS, showed unique phenotypes dependent on the parent of origin of the mutated allele. However, hormone resistance occurred only when the disrupted gene was maternally inherited. Because disruption of exon 2 is predicted to inactivate G␣ s as well as NESP55 and XL␣s, we created transgenic mice with disruption of exon 1 to investigate the effects of isolated loss of G␣ s . Heterozygous mice that inherited the disruption maternally (؊m/؉) exhibited PTH and TSH resistance, whereas those with paternal inheritance (؉/؊p) had normal hormone responsiveness. Heterozygous mice were shorter and, when the disrupted allele was inherited maternally, weighed more than wild-type littermates. G␣ s protein and mRNA expression was consistent with paternal imprinting in the renal cortex and thyroid, but there was no imprinting in renal medulla, heart, or adipose. These findings confirm the tissue-specific paternal imprinting of GNAS and demonstrate that G␣ s deficiency alone is sufficient to account for the hormone resistance of pseudohypoparathyroidism type 1a. (Endocrinology 146: 4697-4709, 2005) 
A LBRIGHT HEREDITARY osteodystrophy (AHO) is an
autosomal dominant disorder caused by heterozygous inactivating mutations in GNAS, the gene that encodes the ␣-chain of Gs (G␣ s ), the heterotrimeric G protein that couples receptors for many hormones and neurotransmitters to activation of adenylyl cyclase (reviewed in Refs. 1, 2) . AHO is characterized by a constellation of somatic defects that include short stature, obesity, round face, delayed puberty, subcutaneous ossifications, brachydactyly, dental hypoplasia, and cognitive deficits (3) . AHO patients with GNAS mutations on maternally inherited alleles (4) also manifest resistance to multiple hormones such as PTH, TSH, gonadotropins, GHRH, and glucagon (1, 2, 5-9), a condition referred to as pseudohypoparathyroidism (PHP) type 1a. By contrast, AHO patients with GNAS mutations on paternally inherited alleles have only the phenotypic features of AHO without hormonal resistance, a condition termed pseudopseudohypoparathyroidism (pseudoPHP) (1, 3, 10) . This unusual inheritance pattern was first observed clinically by inspection of published pedigrees and was subsequently ascribed to genomic imprinting of the GNAS gene (4, 11) .
The GNAS locus on chromosome 20q13.2 in humans and the syntenic mouse Gnas locus on chromosome 2 consist of 13 exons that encode G␣ s (Fig. 1) . Upstream of exon 1 are three alternative first exons (12) (13) (14) that each splice onto exons 2-13 to create novel transcripts. These include XL␣s, which is expressed only from the paternal allele (12, 13) and encodes a signaling protein that stimulates adenylyl cyclase but lacks a known receptor (15) (16) (17) ; NESP55, which is expressed only from the maternal allele and encodes a secretory protein (12, 13, 18, 19) ; and exon 1A (associated first exon) transcript derived from the paternal allele that does not encode a known protein (14, 20, 21) . These alternative first exons are reciprocally imprinted and are associated with promoters that contain differentially methylated regions that are methylated on the nonexpressed allele. By contrast, the promoter for exon 1 is within a CpG island but is unmethylated on both alleles (12, 13, 21, 22) . Although G␣ s is biallelically transcribed in most tissues (1, 12, 13, (23) (24) (25) (26) (27) , there is preferential expression from the maternal GNAS allele in some tissues (28 -32) , which accounts for the restricted pat-tern of hormone resistance found only in patients with PHP type 1a.
A murine model of AHO was previously developed through disruption of exon 2 of the Gnas gene and revealed tissue-specific imprinting in the renal cortex and brown and white adipose tissue (31) . These mice demonstrate a neonatal phenotype that is similar to mice with uniparental disomy of distal chromosome 2 (33, 34) . All mice heterozygous for the mutated allele exhibited a high rate of neonatal mortality (77-80%) and neurological dysfunction. Although the phenotypes of surviving heterozygotes varied markedly depending on the parental origin of the mutant allele, only mice with maternal inheritance of the targeted allele exhibited resistance to PTH. These data were consistent with the hypothesis that the PHP type 1a phenotype is caused by paternal imprinting of G␣ s , but altered expression of the alternative transcripts for Gnas could not be excluded as contributing to unique aspects of the mutant phenotypes.
Here we report the generation and characterization of mice that are heterozygous for targeted disruption of exon 1 of Gnas. Our report provides novel data on the effect of loss of only G␣ s and complements another recently described mouse model in which exon 1 was disrupted (35) . We show that maternal inheritance of this disrupted allele replicates the principal features of PHP type 1a in humans and that tissue-specific paternal imprinting in the renal cortex and thyroid accounts for PTH and TSH resistance. Moreover, we found significant differences between the exon 1 disrupted mice and the previously reported exon 2 disrupted mice, suggesting that loss of NESP55 and/or XL␣s does cause at least some of the abnormalities observed in the exon 2-disrupted mice.
Materials and Methods

Generation and maintenance of mice
The generation of mice carrying a targeted disruption of exon 1 of Gnas was described previously (36) . Mice heterogeneous for the exon 1 replacement were maintained on either a pure 129SvEv or a hybrid 129SvEv/CD-1 background (referred to as CD-1) and were genotyped by Southern blot analysis. All mice that carry a mutant maternal allele are hereafter referred to as Ϫm/ϩ and those with a mutant paternal allele as ϩ/Ϫp. Wild-type mice are referred to as wt.
Mice were fed a standard diet of Prolab RMH2500 mouse chow, which contains 0.95% calcium and 0.96% phosphate, and water ad libitum. All mice were 3 months of age at the time of analysis unless otherwise stated. All mouse protocols were carried out in accordance with the standards of the Johns Hopkins Animal Care and Use Committee.
Length measurements
Adult mice (mean age 10.5 Ϯ 2 months) were anesthetized by ip injection of 200 l of a 20 mg/ml solution of Avertin (2,2,2-tribromoethanol) (Aldrich, St. Louis, MO) in tert-amyl alcohol (Aldrich). Four measurements of stretched length (base of tail to tip of nose) were taken for each mouse using a digital caliper with accuracy of 0.03 mm (Fisher, Suwanee, GA), and the average of these values was used. Mice recovered without difficulty.
RNA analysis
Gnas transcripts encoding NESP55, XL␣s, and G␣ s were analyzed by RT-PCR of total RNA extracted from brain frontal cortex RNA using TRIzol according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). Total RNA (5 g) was treated with Superscript II (Gibco, Grand Island, NY) to produce first-strand cDNA by using random hexamers according to the manufacturer's recommendations. We amplified transcript-specific PCR products using a common reverse primer that corresponds to nucleotide sequences in exon 2 of Gnas and specific forward primers that anneal to nucleotide sequences in alternative first exons encoding NESP55, XL␣s, and G␣ s . Table 1 lists the specific primer pairs. NESP55 and G␣ s were amplified using the following PCR conditions: 94 C for 4.5 min, 30 cycles of 94 C for 30 sec, 55 C for 1 min, and 72 C for 1 min and final extension at 72 C for 4 min. These conditions produced a single band of 111 bp for NESP55 and a single band of 152 bp for G␣ s . XL␣s was amplified using the following PCR conditions: 94 C for 6 min, 40 cycles at 94 C for 30 sec, 50 C for 1 min, and 72 C for 1 min and final extension at 72 C for 5 min. These conditions produced a single band of 226 bp. Analysis of G␣ s by blot hybridization was performed using total RNA (Versagene RNA purification kit, Gentra, Minneapolis, MN) and a radiolabeled 600-bp cDNA probe corresponding to the C terminus of rat G␣ s (kindly provided by Dr. Randall Reed, Johns Hopkins University School of Medicine). Quantification was carried out by PhosphorImager densitometry (Molecular Dynamics PhosphorImager using ImageQuant software, Sunnyvale, CA) and standardized to S26 mRNA as a control for loading equivalence. For each sample we determined the ratio of G␣ s to S26 mRNA content and then calculated the mean of the ratios for each genotype as well as the sem and P values.
Real-time RT-PCR
Sections of renal cortex and medulla were isolated from wild-type and heterozygous knockout mice by use of a dissecting microscope. We conducted real-time PCR analysis (LightCycler, Roche, Indianapolis, IN) of cDNA using the TaqMan reverse transcription kit (Applied Biosystems, Foster City, CA). Aliquots (275 ng) of RNA were treated with 2.5 U of DNase I (Roche) for 15 min at room temperature in a total volume of 9.5 l. The reaction was stopped by cooling to 4 C and the addition of 1.5 l of 20 mm EDTA, and DNase I was inactivated by subsequently heating the reaction at 65 C for 10 min. Eight microliters of DNasetreated RNA (200 ng) were reverse transcribed in a total volume of 22 l for 30 min at 48 C followed by heat inactivation for 5 min at 95 C. Two and 5 l of cDNA were used to amplify G␣ s and NESP55, respectively, in a 25-l PCR volume (18.2 and 45.5 ng RNA/tube) using oligonucleotide primers that were fluorescently labeled with VIC-N,N,N,N-tetramethyl-6-carboxyrhodamine (TAMRA) or 5-carboxyfluorescein-TAMRA ( Table 1) . As a control for RNA integrity and assay normalization, 18S rRNA FIG. 1. The Gnas gene complex. The Gnas gene complex consists of 13 exons that encode the signaling protein G␣ s . Upstream of exon 1 are three alternative exons labeled exon 1A, Xl␣s, and Nesp55. These three alternative exons are spliced to exons 2-13 to produce unique transcripts. Nesp55 is transcribed exclusively from the maternal allele (black arrows); Xl␣s and exon 1A are transcribed exclusively from the paternal allele (gray arrows); and Nesp as (antisense) and exon 1a transcripts produce noncoding RNAs.
was amplified using the TaqMan rRNA control reagents kit (Applied Biosystems).
The PCR was performed with initial incubations at 55 C for 2 min and 95 C for 10 min followed by 40 -45 cycles of 95 C for 15 sec and 60 C for 60 sec. The threshold cycle (C T ) was chosen based on the amplification curve and was 0.02 for all assays. Initial template, primer, and probe dilution studies were performed to determine the optimal template amount and component concentrations to preserve assay sensitivity but also to allow for less than 5% difference in the slopes of the linear portion of the PCR amplification curve between the Gnas products and 18S. Normalized results for G␣ s and NESP55 were calculated using the mean C T (G␣ s or NESP55) of all reactions for each sample and the mean C T of 18S amplification for each sample by calculating 2 Ϫ (CT G Ϫ CT 18S) as recommended by the manufacturer (Roche). Several samples were electrophoresed through agarose gels, and all showed a single unique band at the expected size for each amplicon. All experiments were performed in duplicate on three separate occasions and no-template controls were included in all experiments as a negative control.
Membrane preparation and G␣ s protein analysis
Fragments of tissue were homogenized at 4 C in 10 volumes of buffer A [10 mm Tris HCl (pH 7.4), 1 mm EDTA, 1 mm dithiothreitol, 5 g/ml leupeptin] with 10% sucrose with a Polytron homogenizer (Brinkmann, Luzerne, Switzerland) for 3 ϫ 8 sec at a setting of 8. The homogenate was placed on a cushion of buffer A with 44.5% sucrose and centrifuged at 150,000 ϫ g at 4 C for 30 min. The membrane fraction was collected from the interface layer, resuspended in buffer A without sucrose, and centrifuged at 150,000 ϫ g at 4 C for 30 min. The pellet was recentrifuged and resuspended in buffer A for storage at Ϫ70 C. Protein assays were determined by the BCA assay (Pierce, Rockford, IL) according to the instructions of the manufacturer using BSA as a standard.
Immunoblot analysis was performed as previously described (37) 
Adenylyl cyclase assays
Adenylyl cyclase assays were carried out as previously described for kidney and heart membranes (38, 39) . For kidney membranes the assay buffer consisted of 50 mm Tris HCl (pH 7.5), 25 mm KCl, 0.2 mm EDTA, 0.2 mm ATP, 2 mm MgCl 2 , 0.1 mm cAMP, and 1 mm 3-isobutyl-1-methylxanthine (38) . For heart membranes the assay buffer contained 25 mm Tris⅐HCl (pH 7.5), 1 mm cAMP, 5 mm MgCl 2 , 1 mm ATP, and 1 mm EDTA (39) . Basal activity was measured in the presence of 10 m GTP. Sodium fluoroaluminate (10 mm NaF with 30 m AlCl 3 ) was used as a direct stimulator of G protein activation. Receptor-stimulated adenylyl cyclase activity was assayed in the presence of 10 m (Ϫ)-isoproterenol (isoprenaline) plus 10 m GTP for heart membranes or 100 nm [Nle 8, 18 , 
Immunohistochemistry
Paraffin-embedded mouse thyroid tissue was analyzed for G␣ s using the VectaStain Elite ABC kit (Vector Laboratories, Inc., Burlingame, CA) and staining dyes following the manufacturer's protocol. Preimmune sections were incubated with 1:1000 dilution of IgG rabbit serum (ICN Pharmaceuticals, Aurora, OH); immune sections with 1:1000 dilution of G␣ s C terminus rabbit antiserum (NEN Life Science Products). Slides were stained with Vector VIP peroxidase substrate.
Results were interpreted independently by three blinded investigators (E.L.G.-L., J.L.C., and M.A.L.) and scored for the presence or absence of staining. Scoring was compared among the three investigators and agreement was required for a positive result to be determined.
Hormone assays
Calcium was determined on mouse serum diluted 1:51 in 0.5 m LiCl 3 with a flame atomic absorptiometer (model 2380; PerkinElmer, Norwalk, CT) or on undiluted serum. PTH was measured in undiluted serum by immunoradiometric assay (Immutopics, Inc., San Clemente, CA). Serum phosphorus was determined by colorimetric assay with 0.5-10 mm sodium phosphate (Na 2 HPO 4 ⅐7 H 2 O) as a standard. T 4 was measured using serum from mice that were 1 yr of age; TSH was measured using serum from mice that were 3-6 months of age; and PTH was measured using serum from mice that were either 3 months (CD-1) or 1 yr (129SvEv) old. All other assays were performed using serum isolated from mice at 3 months of age. For the high-phosphate diet experiments, all mice were changed to diet TD 87132 (Teklad, Madison, WI) containing 0.9% phosphate for 3 wk and then either continued on this diet for another 3 wk or changed to TD 87133 containing 2.0% phosphate for 3 wk before measuring PTH, calcium, and phosphorus levels.
Skeletal analyses
Skeletal studies were carried out as described (41) . For histomorphometry studies, mouse skeletons were labeled by ip injection of tetracycline (20 mg/kg, as a 2 mg/ml solution in PBS) both 5 and 2 d before collection (42) . 
Statistical analyses
Results are reported as mean Ϯ sem. ANOVA was employed to consider group differences based on genotype (Gnas Ϫm/ϩ, ϩ/Ϫp, wt) using the Bonferroni-Dunn correction where appropriate. For PTH analysis, significance was determined by 2 ϫ 3 ANOVA by treatment (diet) and group (genotype) using the Bonferroni-Dunn correction. All t tests were subjected to the Bonferroni-Dunn correction as well. Differences were considered significant for all analyses if P Ͻ 0.05. 2 analysis was used for viability, perinatal mortality, and fertility data with significant differences considered as P Ͻ 0.05 for all analyses.
Results
Viability
The generation and characterization of embryonic stem cells carrying a disruption of the G␣ s -specific exon 1 was reported previously (36) . After blastocyst injections of one of these targeted lines, we obtained chimeric mice that transmitted the targeted allele through the germ line. From matings of heterozygous mice, we were unable to recover any homozygous mutants (Gnas Ϫ/Ϫ ) among 479 progeny that survived to weaning or among 12 pups that died before weaning. We were also unable to detect any homozygous mutants among eight viable embryos analyzed at embryonic d 15.5. Hence, homozygous disruption of Gnas via disruption of exon 1 likely results in early embryonic lethality, as has been suggested for the exon 2 disruption (31).
Viability was also affected in the heterozygous state. As shown in Table 2A , when heterozygous mice (denoted as Ϫm/ϩ if they carry the mutant maternal allele and ϩ/Ϫp if they carry the mutant paternal allele) were mated with wt mice, the number of heterozygous offspring that survived to weaning was significantly reduced, compared with the number of wt offspring (P Ͻ 0.001). Of all possible mating combinations, only two populations provided adequate numbers of offspring for statistical analysis: heterozygous offspring of the ϩ/Ϫp females (which were therefore Ϫm/ϩ) and ϩ/Ϫp males (which were therefore ϩ/Ϫp) showed mortality rates of 66 and 31-40%, respectively. Therefore, this reduction in viability was more pronounced when the mutant allele was transmitted maternally, compared with paternally (P Ͻ 0.001), consistent with paternal imprinting of G␣ s expression.
Analysis of 12 pups that died before weaning revealed that nine had maternal inheritance of the affected allele, one had paternal inheritance, and two were wild-type. Analysis of three Ϫm/ϩ mice and one ϩ/Ϫp mouse revealed no abnormalities on complete necropsy including thyroid and bones. Heterozygous mice that survived to weaning appeared to have a normal life span.
Length and weight characteristics
There were no obvious differences in the sizes of heterozygous knockout pups at birth, but distinctions emerged over time. Specifically, adult male Ϫm/ϩ and ϩ/Ϫp mice both had significantly shorter lengths than their wt littermates, but there was no difference between the Ϫm/ϩ and ϩ/Ϫp mice themselves ( Fig. 2A) . Adult female Ϫm/ϩ and ϩ/Ϫp mice also had significantly shorter lengths than their wt counterparts (Fig. 2B) . Moreover, the Ϫm/ϩ females were significantly shorter than the ϩ/Ϫp females.
Male 129SvEv Ϫm/ϩ mice weighed significantly more than their wt littermates during the span of 3-9 months of age (Fig. 3A) . Female Ϫm/ϩ mice tended to weigh more than their wt littermates at ages 3-4 months, but this was no longer evident by 5 months of age, and by 6 -9 months they weighed significantly less than their wt littermates (Fig. 3B) .
Both the male and female paternally derived knockouts were lean, compared with wt littermates. Male ϩ/Ϫp mice weighed significantly less than their wt littermates at ages 3-4 months and 6 -9 months and tended to weigh less at 5 months of age. When comparing the weights at all three age groups in the male ϩ/Ϫp mice, the differences were not statistically significant, indicating that the male ϩ/Ϫp mice had no weight gain from 3 months onward. Female 129 SvEv ϩ/Ϫp mice also weighed significantly less than their wt littermates at 3-4 months of age, but they then caught up in weight with time, reaching the same weight as wt mice by 7 months of age. These findings in ϩ/Ϫp mice were also confirmed in CD-1 mice. Weights were obtained on CD-1 mice (12-20 in each group) from 1 to 7 months of age. Male ϩ/Ϫp mice weighed significantly less than their wt male littermates up to 4 months of age and tended to weigh less up to 7 months of age. Female ϩ/Ϫp mice also tended to weigh less than their female wt littermates, but the difference was significant only from ages 2-4 months, after which point they also caught up in weight with time. Hence, in both 129SvEv and CD-1 mice, the male ϩ/Ϫp mice weighed significantly less than wt littermate mice throughout the span of 3-9 months, and the female ϩ/Ϫp mice weighed less than their wt littermates up to 4 months of age.
Expression of Nesp55 and Xl␣s
Because we specifically targeted the G␣ s -specific exon 1 for disruption, we hypothesized that the targeting event would not disrupt generation of other transcripts that use alternative first exons. We therefore performed RT-PCR analysis using primers specific for the first exons of Nesp55 and Xl␣s in heterozygous mice in which the mutant Gnas allele was either maternally or paternally derived. As shown in Fig. 4 , we were able to detect expression of transcripts encoding both NESP55 and XL␣s in brain frontal cortex, a tissue that expresses both alternative transcripts at high levels (15, 17, 18, 43) . We found predicted allele-specific expression regardless of whether the maternal or paternal allele had been disrupted.
Imprinting of G␣ s
We evaluated the effect of disruption of exon 1 on expression of G␣ s protein and mRNA in Gnas ϩ/Ϫ mice. In the renal cortex (Fig. 5) , levels of G␣ s mRNA were significantly reduced in knockout mice, compared with wild-type mice, but levels in Ϫm/ϩ mice were significantly lower than levels in ϩ/Ϫp mice (43.2 Ϯ 3.0 vs. 61.8 Ϯ 2.4% of wt, P ϭ 0.0028),
Reduced body lengths of heterozygous mice with targeted disruption of Gnas exon 1. Head-to-tail body lengths of male (A) and female (B) wt, Ϫm/ϩ, and Ϫp/ϩ mice were measured at a mean age 10.5 Ϯ 2 months. Note that both male and female Ϫm/ϩ and ϩ/Ϫp mice had reduced body lengths, compared with wt littermates. Also, female Ϫm/ϩ were significantly shorter than female ϩ/Ϫp mice (B).*1, Significant difference in lengths for Ϫm/ϩ and ϩ/Ϫp, compared with wt for both males and females; males: Ϫm/ϩ, P ϭ 0.0001; ϩ/Ϫp, P ϭ 0.0001; females, Ϫm/ϩ: P ϭ 0.0001; ϩ/Ϫp, P ϭ 0.0018; *2, Significant difference in lengths between Ϫm/ϩ and ϩ/Ϫp mice for females only (P ϭ 0.0342).
FIG. 3.
Altered weight gain in heterozygous mice with targeted disruption of Gnas exon 1. Total body weights of male (A) and female (B) wt, Ϫm/ϩ, and ϩ/Ϫp mice were measured at ages 3-9 months. Note that male Ϫm/ϩ mice (and female Ϫm/ϩ early on) are heavier than their wt littermates, whereas male ϩ/Ϫp mice (and female ϩ/Ϫp early on) weigh less than their wt littermates.*1, Significant difference in weights for Ϫm/ϩ and ϩ/Ϫp, compared with wt: males 3-4 months Ϫm/ϩ, P ϭ 0.004; ϩ/Ϫp, P ϭ 0.033; 5 months Ϫm/ϩ, P ϭ 0.016; ϩ/Ϫp, P ϭ 0.062; 6 -9 months Ϫm/ϩ, P ϭ 1.12 ϫ 10
Ϫ5
; ϩ/Ϫp, P ϭ 3.56 ϫ 10
Ϫ7
; females 3-4 months Ϫm/ϩ, P ϭ 0.13; ϩ/Ϫp, P ϭ 0.027; 5 months, not significant (ns); 6 -9 months Ϫm/ϩ, P ϭ 0.0014; ϩ/Ϫp, ns. *2, Significant difference in weights between Ϫm/ϩ and ϩ/Ϫp mice: males 3-4 months P ϭ 0.0012; 5 months, P ϭ 0.00026; 6 -9 months, P ϭ 1.95 ϫ 10
Ϫ8
; females 3-4 months, P ϭ 0.0052; 5 months, ns; 6 -9 months, P ϭ 0.023. consistent with partial paternal imprinting of G␣ s in the renal cortex (28) . By contrast, similar analyses of G␣ s expression in the heart and adipose (Fig. 5) showed no evidence of paternal imprinting. Levels of G␣ s mRNA were similarly reduced in Ϫm/ϩ and ϩ/Ϫp, compared with wt, consistent with biallelic expression of G␣ s in these tissues (heart: 44.7 Ϯ 3.0 and 44.5 Ϯ 3.7% of wt; adipose: 37.7 Ϯ 7.0 and 38.2 Ϯ 8.6%). There were no differences in expression based on gender in these tissues.
Real-time RT-PCR was also used to quantify G␣ s expression and showed that levels of G␣ s mRNA in the renal medulla and adipose of heterozygous mice were approximately 44 -55% of corresponding levels from wt mice, regardless of the parental origin of the disrupted Gnas allele (Fig. 6) .
Expression of G␣ s protein in various tissues was consistent with the results of the RNA analyses. Immunoblot analysis (Fig. 7) of membranes prepared from heart ventricles showed that G␣ s protein was reduced to 72 Ϯ 3% of wt in Ϫm/ϩ mice and 56 Ϯ 5% of wt in ϩ/Ϫp mice. Similarly, in membranes prepared from gonadal fat pads, levels of G␣ s protein were 65 Ϯ 9% of wt in Ϫm/ϩ mice and 62 Ϯ 6% of wt in ϩ/Ϫp. In both heart and adipose tissue, the effect of genotype was significant, but there was no influence of the parental origin of the disrupted allele (P ϭ 0.083 and 0.090 in heart and adipose, respectively) or for gender.
By contrast, expression of G␣ s protein in kidney and thyroid was dependent on the parental origin of the disrupted Gnas allele. Membranes prepared from whole kidney contained significantly reduced levels of G␣ s protein, with 62 Ϯ 6% of wt in Ϫm/ϩ mice and 81 Ϯ 7% of wt in ϩ/Ϫp mice. The levels in Ϫm/ϩ mice were significantly less than those in ϩ/Ϫp mice.
Immunohistochemical analysis also revealed paternal imprinting of G␣ s in the thyroid. As shown in Fig. 8 , there was little to no staining for G␣ s in follicular epithelial cells surrounding the colloid globules of Ϫm/ϩ mice, compared with intense staining in the wt mice. The ϩ/Ϫp mice had intermediate amounts of staining.
Adenylyl cyclase activity
Because signaling through G␣ s is required for hormone activation of adenylyl cyclase, we analyzed membranebound adenylyl cyclase activity in tissues from knockout mice. Kidney membranes (Fig. 9A ) from ϩ/Ϫp mice showed normal adenylyl cyclase activity in response to PTH as well as fluoroaluminate, which directly activates Gs. By contrast, Ϫm/ϩ mice showed significantly reduced adenylyl cyclase responses to PTH and fluoroaluminate, compared with wt or ϩ/Ϫp mice. Similar trends were observed under basal conditions.
Adenylyl cyclase responsiveness to fluoroaluminate and the ␤-adrenergic receptor agonist (Ϫ)-isoproterenol was reduced in cardiac membranes (Fig. 9B ) from both Ϫm/ϩ and ϩ/Ϫp mice, but there was no effect of parental origin of the disrupted Gnas allele. There was also a trend toward decreased adenylyl cyclase activity assayed under basal conditions.
Responses of adenylyl cyclase to Mn 2ϩ , a direct activator of catalytic activity, were similar in wt and heterozygous knockout mice, indicating that observed differences in adenylyl cyclase responsiveness to receptor activation and fluoroaluminate were not due to variation in the activity or expression of adenylyl cyclase protein.
In vivo responsiveness to PTH and TSH
Reduced Gs-coupled signaling in renal proximal tubules and thyroid follicular cells of maternal knockout mice would be expected to impair hormone responsiveness, leading to increased serum concentrations of PTH and TSH, respectively. Heterozygous knockout SvEv129 mice that were fed a standard diet (0.95% calcium and 0.96% phosphate content) had normal serum levels of calcium (Fig. 10A ) and phosphorus (Fig. 10B) . This was also found in CD-1 mice (data not shown). SvEv129 mice showed significantly elevated PTH levels, regardless of the parent of origin of the disrupted Gnas allele (ϳ2.4-fold greater in ϩ/Ϫp and 3-fold greater in Ϫm/ϩ mice, compared with wt mice) (Fig. 11A) , whereas Ϫm/ϩ but not ϩ/Ϫp CD-1 mice showed increased PTH levels (Fig. 11B) .
When SvEv129 wt mice were given a diet containing high phosphate content (2.0%), serum PTH levels were approximately 6-fold greater than in age-matched mice that were fed the standard phosphate diet. Under these conditions, Ϫm/ϩ mice had significantly greater levels of PTH than their wt counterparts (2.9-fold). The ϩ/Ϫp mice had PTH levels that were intermediate in level, trending higher than their wt counterparts (ϳ2-fold) but lower than in the Ϫm/ϩ mice (Fig. 11A) . All mice that were given the high phosphate diet showed concomitant decreases in serum calcium concentrations and increases in serum phosphorus that were signifi- cantly different from corresponding concentrations in their counterparts fed the normal phosphate diet (Fig. 10, A and  B) . However, there were no differences in calcium and phosphorus levels between the heterozygous knockout and wt SvEv129 mice.
Reduction of G␣ s expression also affected responsiveness to TSH. As shown in Fig. 12A , TSH levels in SvEv129 mice were significantly elevated in Ϫm/ϩ mice, compared with wt, with intermediate levels of TSH for the ϩ/Ϫp mice. Total T 4 levels, however, were not different among the three groups (Fig. 12B) .
Fertility and maternal successfulness in knockout mice
In addition to PTH and TSH, many other hormones and neurotransmitters bind to heptahelical receptors that signal through G␣ s , including the reproductive hormones LH and FSH. We therefore examined possible effects of G␣ s on fertility in our mouse model. As shown in Table 2B , when standardized for breeding opportunities, there was no difference in the number of pups born or weaned when either parent was ϩ/Ϫp, although the overall viability was lower, compared with wt. However, the number of pups born was significantly less (P Ͻ 0.0001) when either parent was Ϫm/ϩ indicating impaired fertility of both the male and female Ϫm/ϩ mice.
When the F2-F6 generations were analyzed over a span of 2 yr, we found that the litter sizes of 129SvEv mice were markedly smaller when either parent carried a disrupted Gnas allele, with the greatest reduction in litter size noted when the mother was Ϫm/ϩ (Table 2C) . When the offspring FIG. 5. Northern analysis of G␣ s expression in mice with targeted disruption of Gnas exon 1. Comparison of G␣ s mRNA content from renal cortex, heart, and adipose by quantification of Northern blots using PhosphorImager densitometry standardized to S26 mRNA as the control. For each sample we determined the ratio of G␣ s to S26 mRNA content and then calculated the mean of the ratios for each genotype as well as the SEM and P values. In the renal cortex, Ϫm/ϩ mice have significantly less G␣ s mRNA expression than Ϫp/ϩ mice, and both have significantly less than wt, consistent with paternal imprinting of Gnas in the renal cortex. In both heart and adipose, the levels of G␣ s mRNA expression are similarly decreased in both Ϫm/ϩ and ϩp/Ϫ mice, consistent with biallelic expression. *1, Significant difference in G␣ s mRNA content for Ϫm/ϩ and ϩ/Ϫp, compared with wt: renal cortex, Ϫm/ϩ, P ϭ 0.0026, ϩ/Ϫp, P ϭ 0.0152; heart, Ϫm/ϩ, P ϭ 0.00029, ϩ/Ϫp, P Ͻ 0.0001; and adipose, Ϫm/ϩ, P ϭ 0.00536, ϩ/Ϫp, P ϭ 0.00348. *2, Significant difference in G␣ s mRNA content between Ϫm/ϩ and ϩ/Ϫp mice only in the renal cortex: P ϭ 0.0028. For Northern blot analysis, 20 g of total kidney cortex, heart, or adipose RNA were isolated from wt, Ϫm/ϩ, or ϩ/Ϫp mice and electrophoresed, blotted, and hybridized with a probe corresponding to the C terminal 600 bp of rat G␣ s cDNA, which identified a 1.8-kb band corresponding to mouse G␣ s. The blots were rehybridized with a probe corresponding to the rat ribosomal protein S26 as a control. Representative Northern blots are shown.
FIG. 6. Quantification of G␣ s mRNA expression in mice with targeted disruption of Gnas exon 1. Real-time RT-PCR analysis of RNA isolated from either renal medulla or adipose tissue of wt, Ϫm/ϩ, and ϩ/Ϫp mice was carried out using a quantitative PCR Taqman machine. Note that expression of G␣ s mRNA was reduced in both tissues similarly in both Ϫm/ϩ and ϩ/Ϫp mice, compared with wt mice, consistent with no imprinting and therefore biallelic expression. *1, Significant difference in G␣ s mRNA levels, compared with wt: renal medulla (Ϫm/ϩ, P ϭ 0.0211; ϩ/Ϫp, P ϭ 0.00830) and adipose (Ϫm/ϩ, P ϭ 0.0398; ϩ/Ϫp, P ϭ 0.0171).
were standardized per breeding opportunity to examine viability, the percent that survived to the time of weaning of Ϫm/ϩ females was significantly less than the other knockout mice (Table 2B) . When examining the total number of pups born (both wt and knockout), there was an approximately 20% survival rate before weaning for pups produced by Ϫm/ϩ females and a 73% survival rate of pups born to ϩ/Ϫp females. The corresponding survival rates of pups born to wt mothers who had bred with either Ϫm/ϩ males or ϩ/Ϫp males were approximately 83 and 80%, respectively (Table 2B) . By contrast, the reported survival rate for wt 129SvEv mice is approximately 92% (www.taconic.com/ addinfo/repro.htm#129sve).
The reduced litter size and lower survival rate of pups born to females with maternal inheritance of the targeted allele (P Ͻ 0.0001), as well as the much lower number weaned per breeding opportunity, is consistent with reduced fertility and poor mothering by the Ϫm/ϩ female. In addition, the very high proportion of pups that died before weaning born to the Ϫm/ϩ mother, compared with the Ϫm/ϩ father (Table 2A) supports poor mothering by the Ϫm/ϩ females. In addition, the number of litters was markedly reduced for the Ϫm/ϩ fathers such that even with a litter size comparable with that of the ϩ/Ϫp father and mother, there was a significant difference when standardized for breeding opportunities, indicating reduced fertility in the Ϫm/ϩ fathers.
Absence of skeletal phenotype in knockout mice
Because skeletal defects and heterotopic ossifications are common in human patients with AHO, we examined the heterozygous mice for these abnormalities. We found no evidence of heterotopic ossifications: no sc nodules were palpated on 70 heterozygous mice, no ossifications were seen on serial hematoxylin and eosin sections of the skin of two Ϫm/ϩ mice, and no soft tissue calcifications were observed by radiological examination of three additional Ϫm/ϩ mice. Skeletons were prepared from 11 mice from both CD-1 and 129SvEv strains (three Ϫm/ϩ, three ϩ/Ϫp, five wt) and stained with Alizarin Red and Alcian Blue. No differences were noted in the extent of mineralization, and no disproportionate shortening of the long bones or metatarsals was noted.
FIG. 7. Quantification of G␣ s protein expression in
Gnas exon 1-disrupted mice. Immunoblot analysis of protein extracts prepared from kidney, heart, or adipose tissue of wt, Ϫm/ϩ, or ϩ/Ϫp mice was carried out using rabbit polyclonal antibodies directed against G␣ s . Quantification of protein by PhosphorImager densitometry revealed that G␣ s protein levels were reduced in all three tissues for the Ϫm/ϩ and ϩ/Ϫp mice, but only the kidney had a significant reduction of G␣ s protein in Ϫm/ϩ, compared with ϩ/Ϫp mice consistent with paternal imprinting in the kidney. *1, Significant difference in G␣ s protein content for Ϫm/ϩ and ϩ/Ϫp, compared with wt: kidney (Ϫm/ϩ, P ϭ 0.0001; ϩ/Ϫp, P ϭ 0.0098); heart (Ϫm/ϩ, P ϭ 0.0048; ϩ/Ϫp, P ϭ 0.0029); and adipose (Ϫm/ϩ, P ϭ 0.002; ϩ/Ϫp, P ϭ 0.0002). *2, Significant difference in G␣ s protein content between Ϫm/ϩ and ϩ/Ϫp mice only in the kidney: P ϭ 0.0082. Histomorphometry was performed on undecalcified sections of distal femur from CD-1 mice that had been double labeled with tetracycline. Static indices calculated for each mouse included bone volume, osteoblast surface, and trabecular thickness; structural indices included trabecular separation and trabecular number; and kinetic indices included mineralizing surface and mineral apposition rate. Osteoid surface was not calculated because no unmineralized osteoid was observed in young mice. Osteoclast surface was not calculated because too few osteoclasts were observed. There were no significant differences in any of the calculated indices between the heterozygous and wild-type mice at 5 months and 1 yr of age. There were significant differences in these indices between young and old mice that suggested a lower bone mass in older mice. Younger mice had higher osteoblast surface, bone volume, and trabecular number and lower trabecular separation than older mice (Table 3 ). Hence, unlike human patients with AHO, mice with targeted disruption of G␣ s did not have skeletal abnormalities.
Discussion
A long-standing clinical conundrum in patients with heterozygous inactivating mutations of GNAS has been the marked variability in the AHO phenotype. Clinical studies had first disclosed an association of phenotype with the parental origin of the defective GNAS allele, such that patients with mutations on maternally inherited alleles are resistant to multiple hormones and therefore have PHP type 1a, whereas patients with GNAS mutations on paternally inherited alleles have normal hormone responsiveness and only the somatic features of AHO, a condition termed pseudoPHP. These findings suggested that paternal imprinting of GNAS might be responsible for the variable phenotype. The subsequent observation that patients with PHP type 1a might have hormone resistance in some tissues (e.g. deficient response of proximal renal tubule to PTH, thyroid follicular cell (10 or 20 mM). Note that adenylyl cyclase activity was reduced in kidney membranes in response to PTH and sodium fluoroaluminate in Ϫm/ϩ mice and heart membranes in response to isoproterenol and sodium fluoroaluminate in both Ϫm/ϩ and ϩ/Ϫp mice. Only in kidney was there a significant decrease in activity of Ϫm/ϩ, compared with ϩ/Ϫp mice. *1, Significant difference in adenylyl cyclase activity of Ϫm/ϩ compared with wt kidney [P ϭ 0.005 (PTH); P ϭ 0.013 (AlF 3 )] and heart [P ϭ 0.010 (isoproterenol); P ϭ 0.0082 (AlF 3 )]. *2, Significant difference in adenylyl cyclase activity of Ϫm/ϩ compared with ϩ/Ϫp kidney [P ϭ 0.018 (PTH); P ϭ 0.022 (AlF 3 )]. to TSH, and pituitary somatotroph to GHRH) but not in others (e.g. normal response of distal renal tubule to vasopressin and adrenal cortex to ACTH) further refined the presumed molecular pathophysiology to tissue-specific paternal imprinting of G␣ s . Recent studies of GNAS expression in normal human tissues (12, 13, 24 -30, 32 ) and mice have provided important confirmation of this hypothesis and have demonstrated both tissue-specific paternal imprinting of G␣ s and development of PTH resistance only when the maternal Gnas allele is disrupted or missing (31, 44) .
A murine model of AHO was developed previously by other investigators through disruption of exon 2 of the Gnas gene (31) . Homozygosity for the exon 2 disrupted allele led to embryonic lethality and heterozygosity led to extensive perinatal mortality. These heterozygotes had unique phenotypes depending on the parent of origin of the mutated allele: Ϫm/ϩ offspring had wide bodies and higher birth weights, and 80% of them developed neurological symptoms with delayed cerebellar development and died after 6 -21 d. The   FIG. 11 . A, PTH resistance in 129SvEv mice with targeted disruption of exon 1 in Gnas knockout mice on normal and high-phosphate diets. *1 (normal phosphate diet), significant difference in PTH levels on normal phosphate diet in Ϫm/ϩ and ϩ/Ϫp mice, compared with wt (Ϫm/ϩ, P Ͻ 0.0001; ϩ/Ϫp, P ϭ 0.0003); *1 (high-phosphate diet), significant difference in PTH levels on high-phosphate diet in Ϫm/ϩ mice, compared with wt (P ϭ 0.0034). The difference in ϩ/Ϫp mice, compared with wt, trended higher but was not significant (P ϭ 0.089) and trended lower than in the Ϫm/ϩ mice (P ϭ 0.099). B, PTH resistance in CD-1 mice with targeted disruption of Gnas exon 1 on a normal-phosphate diet. *1, Significant difference in PTH levels in Ϫm/ϩ mice, compared with wt (: P ϭ 0.0001), *2, Significant difference in PTH levels in Ϫm/ϩ mice, compared with ϩ/Ϫp mice (P ϭ 0.0009).
FIG. 12.
A, TSH resistance in mice with targeted disruption of Gnas exon 1. Ϫm/ϩ mice had significantly higher TSH levels than wt, and ϩ/Ϫp mice had TSH levels that trended higher than wt. *1, Significant difference in TSH levels in Ϫm/ϩ mice, compared with wt (P ϭ 0.026). There was no significant difference in TSH levels in ϩ/Ϫp mice, compared with wt, although the trend was higher (P ϭ 0.13). B, Serum T 4 levels showed no difference based on genotype. ϩ/Ϫp newborns had narrow bodies, lower birth weights, and a 77% mortality rate within 24 h of birth from lack of suckling. Those mice that survived weaning lived a normal life span.
The unusual development of neurological dysfunction in the Ϫm/ϩ mice and the unexpectedly severe phenotype of the ϩ/Ϫp mice suggested that loss of other proteins encoded by Gnas might play an important role in determining the murine phenotype of Gnas in the exon 2 disrupted model. We therefore generated mice carrying a targeted disruption of exon 1 to study the effect of isolated deficiency of G␣ s . As described for mice with a disruption of exon 2, homozygosity resulted in lethality, and the Ϫm/ϩ mice had a high perinatal mortality rate. However, unlike mice with targeted disruption of exon 2, the exon 1 Ϫm/ϩ mice that we and Chen et al. (35) generated did not have severe neurological abnormalities or change in body habitus. This suggests that the predicted loss of NESP55 in exon 2 knockout mice may be the cause of these features because NESP55 is highly expressed in the brain (18, 43) . Similar neurological features have not been described in humans with PHP type 1a who inherit a defective maternal GNAS allele with a mutation in exons 2-13, which constitute the 3Ј untranslated region of the NESP55 transcript (1, 2) . Although most of these GNAS mutations are small and therefore may not disrupt the NESP55 transcript, a mutant NESP55 allele of maternal origin has recently been described in one phenotypically normal subject (45) . However, in recently reported mice with targeted disruption of Nesp55, mice were found to have abnormal reactivity to new environments (46) . Taken together, these observations suggest that NESP55 may be more critical for development of the brain in mice than in humans.
As with the Ϫm/ϩ mice, the majority of the ϩ/Ϫp mice with the targeted disruption of exon 1 did not die within 24 h, had significantly higher perinatal survival, and had normal body shapes at birth, similar to the characteristics of the Gnas exon 1 knockout mice recently reported by Chen et al. (35) . These features contrast with the exon 2 knockout and implicate the loss of XL␣s as the basis for unusual body habitus, poor suckling behavior, and high perinatal mortality, a hypothesis recently substantiated through the generation of mice with mutations in Gnasxl (47) . These mice have poor postnatal growth and survival as well as diverse physiological defects, indicating that XL␣s is necessary for a variety of postnatal adaptations (47) .
We found evidence for incomplete paternal imprinting of G␣ s in the renal cortex, with a corresponding decrease in PTH-stimulated adenylyl cyclase activity and elevated serum concentrations of PTH in Ϫm/ϩ mice. Remarkably, serum levels of calcium and phosphorus remained normal despite evidence of PTH resistance in contrast to the findings in the exon 2 knockout mice in which the Ϫm/ϩ mice, but not the ϩ/Ϫp mice, had decreased serum calcium and elevated serum phosphorus levels (31) . The difference between the two mouse models may be secondary to strain variations. Although our mouse model did not exhibit any calcium and phosphorus abnormalities, this is still consistent with the findings in some patients with PHP type 1a. When the exon 1 knockout mice were fed a high-phosphate diet, they had lower calcium and higher phosphorus levels and exaggerated PTH responses, but there still were no significant differences between the calcium and phosphorus levels in wildtype and heterozygous knockout mice.
By contrast to the renal cortex, we found no evidence of imprinting in the renal medulla, consistent with intact vasopressin responsiveness in patients with PHP type 1a and the findings in the exon 2 disrupted mouse (31). Heterozygous ϩ/Ϫp mice had intermediate levels of PTH resistance, which differs from the findings in the exon 2 disrupted ϩ/Ϫp mouse (31) . Given that recent studies suggest that XL␣s can antagonize G␣ s -dependent signaling pathways (47) , it is tempting to speculate that the intermediate reduction in PTH sensitivity in our ϩ/Ϫp mice results from normal expression of XL␣s, whereas more normal sensitivity to PTH in the exon 2 disrupted ϩ/Ϫp mice results from the predicted absence of XL␣s expression.
In addition, we found that imprinting in the thyroid was accompanied by TSH resistance in our mouse model, consistent with human thyroid data (28, 30, 32) . Although TSH levels were significantly elevated, serum T 4 levels were not affected. However, there were no differences in serum TSH, T 3 , or T 4 between exon 2 disrupted Ϫm/ϩ, ϩ/Ϫp, and wt mice (48) . The features of our exon 1 knockout mice are consistent with the findings in most patients with PHP type 1a, who have elevated serum levels of TSH but normal levels of serum T 4 (1, 2, 7, 49) .
Imprinting was clearly tissue specific, similar to the findings of Yu et al. (31) . We found no evidence for imprinting of G␣ s expression in the renal medulla, heart, or adipose. Although we found biallelic expression of G␣ s in fat tissue from the exon 1 disrupted mice, Yu et al. observed apparent paternal imprinting of G␣ s in both brown and white adipose tissue from their exon 2 disrupted mice (31) despite normal adrenergic responsiveness of adenylyl cyclase in both Ϫm/ϩ and ϩ/Ϫp mice (48) . Recent studies in normal human adipose tissue have shown that G␣ s is equivalently expressed from both parental alleles (27) , thus supporting the lack of paternal imprinting of G␣ s in adipose that we observed in our mouse model.
In the recently reported Gnas exon 1 knockout mice (35), the greater severity of the obesity and metabolic abnormalities in the Ϫm/ϩ mice, compared with the ϩ/Ϫp mice, is consistent with more significant effect of G␣ s deficiency in the Ϫm/ϩ mice, possibly due to reduced hypothalamic melanocortin-G␣ s signaling in these mice (35) .
Paternally derived (ϩ/Ϫp) heterozygous mice weighed less than wt mice, similar to the results described in exon 2 knockout mice (2, 48) . Recent data in the exon 2 disrupted mice have shown that the ϩ/Ϫp mice have increased insulin sensitivity (50) and increased lipid clearance, and it has been hypothesized that XL␣s deficiency in the exon 2 knockout mice may be responsible (47, 51) . This was substantiated in the Gnas exon 1 knockout mouse recently described (35) . Both the Ϫm/ϩ and ϩ/Ϫp mice exhibited insulin resistance and low metabolic rates. Interestingly, XL␣s expression is present in our Ϫp/ϩ mice, which have the same lean phenotype as the exon 2 disrupted mice, thus implying that another mechanism, such as differences in strain and genetic background, may account for the differences between the exon 1 knockout models that we and Chen et al. (35) created.
Maternally derived (Ϫm/ϩ) heterozygous mice had marked weight gain in the males with a trend in the young females. This is consistent with the findings in the recently reported exon 1 knockout mouse (35) and with the phenotype of patients with PHP type 1a.
The G␣ s -specific targeted disruption of exon 1 resulted in shorter adult mice for both genders in Ϫm/ϩ and ϩ/Ϫp mice, as in the exon 2 knockout mouse (26) . These findings are consistent with the short stature seen in adults with PHP type 1a and pseudoPHP. The basis for short stature in patients with AHO is unknown but appears to be related to premature closure of epiphyses. It has become clear that G␣ s is a negative regulator of the differentiation of growth plate chondrocytes with intricate interactions with Indian hedgehog and PTHrP (26, (52) (53) (54) (55) , and therefore a deficiency of G␣ s could lead to premature epiphyseal fusion as is seen with overactivation of Indian hedgehog and PTHrP signaling (52, 54, 55) . Evidence in humans has revealed biallelic expression of GNAS in bone (27) , and in mice, biallelic expression has been demonstrated in chondrocytes (26) . Therefore, it is likely that haploinsufficiency of G␣ s is responsible for the similar occurrence of premature fusion and short stature in both PHP type 1a and pseudoPHP.
In addition, recent studies suggest a possible role for GH deficiency in the development of short stature due to GHRH resistance in some patients with PHP type 1a (6, 9) . GH deficiency, however, is not present in pseudoPHP in which there is no hormonal resistance. We found that in the exon 1 knockout mice, the Ϫm/ϩ females are significantly shorter than their ϩ/Ϫp counterparts. It is possible that patients with PHP type 1a who are GH deficient are shorter than their pseudoPHP counterparts, and this potential difference in phenotype needs to be evaluated to determine the significance of GH deficiency on height.
From analysis of heterozygous mice with targeted disruption of exon 2, there is no obvious skeletal phenotype consistent with AHO on gross examination (26, 31) . We also found no skeletal phenotype in the heterozygous exon 1 knockout mouse. By contrast, some epiphyseal and growth plate abnormalities occur in a mouse in which both copies of Gnas were inactivated in chondrocytes via disruption of exon 2 (26, 53) . This dosage discrepancy between mouse and human may reflect differences in bone biology because mouse epiphyses, unlike human epiphyses, do not fuse.
It is known that reproductive dysfunction is present in many women with PHP type 1a, and serum levels of LH and FSH may be either normal or elevated (7, 56 -58) . By contrast, very little is known about reproductive fitness in men with PHP type 1a. We found both male and female Ϫm/ϩ mice had reduced fertility. Decreased fertility could be due to paternal imprinting of G␣ s in the ovary (30) as well as the testis (currently under investigation). The Ϫm/ϩ females also exhibited very poor mothering skills, but the basis for this defect is presently unknown. The inability to react appropriately to novel stimuli in NESP55-deficient mice suggests that the lack of NESP55 may be responsible for the impaired ability to react to the new situation of motherhood (46) .
Our findings indicate that loss of G␣ s alone is sufficient to cause a murine homolog of AHO. The mice with targeted disruption of exon 1 encoding G␣ s develop variable phenotypic features that are based on the parent of origin of the disrupted Gnas allele and that reflect the effect of both heterozygous loss of G␣ s and tissue-specific paternal imprinting. This paternal imprinting is partial and not an all-or-none phenomenon, as has already been shown in a variety of normal human tissues. Our data suggest that loss of NESP55 may lead to the abnormal neonatal phenotype and neurological abnormalities found in the Ϫm/ϩ mice with targeted disruption of exon 2 and that loss of XL␣s may lead to the abnormal neonatal phenotype and high perinatal mortality rate in the ϩ/Ϫp exon 2 knockout mice. The physiological functions of NESP55 and XL␣s have not yet been fully elucidated, but our studies extend prior observations that suggest that these two proteins have more critical roles in mice than humans. The basis for this difference, and the role of imprinting in regulating expression of these two proteins, further extend the complexity of the GNAS locus.
